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AnisotropyAbstract The present study deals with the effect of petrographical aspects on the petrophysical
properties of the Eocene rocks, which are represented by Thebes, Samalut, Darat and Tanka for-
mations in Southwest Sinai, Egypt.
The studied diagenetic factors have an important role to enhance and/or reduce the pore volume
and governing the petrophysical behavior. The cementation and neomorphism are the main
porosity-reducing factors, whereas dissolution and leaching out as well as the fossil content are
the main porosity-enhancing factors.
The petrophysical behavior of the studied facies has been outlined by measuring rock porosity, den-
sity, permeability, and electrical resistivity. The reservoir quality index (RQI) reveals that, the petro-
physical features of the studied facies are consistent with the petrographical characteristics indicating
bad reservoir properties for Thebes, Samalut, Darat and Tanka formations in the nearby subsurface
extensions. Studying the petrophysical behavior indicates that, both permeability and formation resis-
tivity factor aremostly dependent on the effective porosity and to some extent on the electric tortuosity.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research
Institute. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
The Lower and the Middle Eocene formations in Southwest
Sinai have been subjected to several studies, most of which
were devoted to the investigation of its stratigraphy, El-Heiny et al. [11], classiﬁed this succession into the following
formations (from base to top): Thebes (Lower Eocene) and
Darat, Khaboba, Tanka and Tayiba (Middle Eocene). The
Thebes Formation overlies conformably the Paleocene Esna
Shale, that consists of chalky and many limestones, containing
chert bands. The Darat Formation is composed of shale with
limestone stringers and ﬂint bands. Its shallow-water facies
equivalent, the Samalut Formation, is exposed at Wadi
Feiran as shown by lssawi et al. (1981) [20] and El-Heiny
and Morsi (1986) [10]. The tectonic history and depositional
system of the eastern part of the Suez rift were discussed by
214 H. Abuseda et al.several workers, such as [15,12,10,2,11,31,29,3], these workers
concluded that, the rift tectonics in the eastern part of the Gulf
of Suez is a Cenozoic structure corresponding to the north-
western ending of the Red Sea opening system, as a result of
the divergence between the African and Arabian plates.
El-Heiny et al. [11] believed that, rhythmic oscillatory
movements played a major role in constructing the Eocene
depositional system in Central Sinai and gave rise to the devel-
opment of three NE trending facies belts. The northern belt is
characterized by the presence of the Thebes, Darat, Khaboba,
Tanka and Tayiba formations. The central facies belt includes
the Thebes and Darat formations, whereas the southern belt
comprises the Thebes and Samalut formations.
Fifty-eight carbonate rock samples were collected from dif-
ferent lithological varieties of Thebes Formation (17 rock sam-
ples), Samalut Formation (11 rock samples), Darat Formation
(13 rock samples) and Tanka Formation (17 rock samples).
Carbonate was studied by several authors, such as [30,32,39,40].
The present study aims to investigate the petrography and
petrophysical properties of some Eocene carbonate rock sam-
ples, and to evaluate their reservoir characters.
2. Methods of study
The present petrographic study is based mainly on the micro-
scopic examination of the studied limestone core samples. Thin
section preparation involved vacuum impregnation with blue
epoxy to facilitate the recognition of both porosity types and
some minerals in the rock matrix and cement.
In the present study all samples were analyzed at the
Institute Egyptian Petroleum Research Institute. The porosity
of the tested samples has been determined by using helium
porosimeter (Heise Gauge type) it utilizes the principle of gas
expansion. The permeability in mD (K) was measured by using
core lab permeameter.
Porosity Ø is deﬁned as the ratio of the volume of void or
pore space Vp to the total volume V of the rock sample:
Ø ¼ Vp
V
ð1Þ
With;
Vp volume of the pore space of the sample in cm
3,
V total volume of the sample in cm3.
The bulk density is deﬁned as the mass of unit volume of a
rock in its natural state.
db ¼ m
V
ð2Þ
With;
db bulk density in g/cm
3,
m mass of the sample in gm,
V volume of the sample in cm3.
Grain density calculated from the porosity test by using the
following equation:
dg ¼ md
Vg
ð3Þ
With;
dg grain density in g/cm
3,
md dry mass of sample in gm,
V g volume of grains in cm
3.On the other hand, the reservoir quality index (RQI) is con-
trolled by the porosity and permeability [36], determined
through the following equation:
RQIðmicronsÞ ¼ 0:0314k=Ø ð4Þ
With;
k permeability in mD,
Ø porosity in fraction.
3. Directional parameters
Petrophysical parameters are determined under ambient con-
ditions for both types of orientations of the sample (horizontal
and vertical). The petrophysical study was designed to deter-
mine to what extent in the anisotropic behavior. The compar-
ison of the directional parameters like electrical conductivity
and permeability for a pair of samples will indicate the degree
of anisotropy.
3.1. Permeability
The permeability of a rock is deﬁned as a measure of the ability
of a porous material to transmit ﬂuid. Permeability is a phe-
nomenon that can be described by Darcy’s law for viscous ﬂu-
ids in porous media. Permeability of a rock is controlled by
many factors such as rock pore geometry, cementation, rock
texture, grain size, grain shape, and roundness.
The steady state permeability was calculated using Darcy’s
law. Darcy’s equation relating permeability to compressible
ﬂuids is as follows:
k ¼ ½2000  l  q  L  Pa=½AðP21  P22Þ: ð5Þ
with
k permeability in mD,
L length of the sample in cm,
l viscosity of gas in centipoises,
q gas volume ﬂow rate in cm3/s,
Pa atmospheric pressure (atmosphere),
P1 upstream pressure (atmosphere),
P2 down stream pressure (atmosphere),
A cross sectional area of the sample in cm2.
3.1.1. Anisotropy of permeability
Anisotropy of permeability (Ak) could be expressed by several
formulas. The simple approach described by Tiab and
Donaldson [37] considers the quotient of horizontal
(kH = kl) and vertical permeability (kv = kt):
Ak ¼
kl
kt
¼ kH
kV
ð6Þ
In the case of strong anisotropy, this ratio becomes quite
large and cannot easily be compared to coefﬁcients of aniso-
tropy of other petrophysical parameters.
3.2. Electrical resistivity
The electrical resistivity of a rock is used to determine many
reservoir parameters such as formation resistivity factor, tortu-
osity and cementation factor.
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ples were carried out using a two-electrode A-C bridge at three
brine concentrations with NaCl (6000, 30,000 and 60,000 ppm
of Rw= 1.04, 0.24 and 0.14 ohm m, respectively). The electri-
cal resistivity of the water is assumed to be homogeneous
inside the sample once it is fully saturated [21]. A ﬁxed fre-
quency of 1 kHz was chosen for the present measurements
[16,17,21]. At this frequency, we get the best accuracy with
no capacitance effect. The true formation factor ‘F’ was then
calculated by plotting the measured rock conductivity versus
ﬂuid conductivity following [25,27].
The electrical properties of rocks depend mainly on the
chemical and physical properties of the rock forming minerals,
the geometry of pore space and the ﬂuid types and percentages
in pore [5]. The formation resistivity factor is deﬁned as the
ratio between the resistivity of a porous rock ﬁlled with brine
and the resistivity of the brine itself. The formation resistivity
factor was discussed by many authors, such as [14] and others.
They came to the conclusion that, the formation resistivity fac-
tor is a function of the effective path of electric current ﬂow
and the effective cross-sectional area available for electric
conduction.
Archie’s law is the most prevailing relationship between the
resistivity of a geological material and that of the pore water of
the material, which is empirically derived by Archie [6] for
sand completely saturated with brine and for sand partly satu-
rated with brine, oil and gas. Formation resistivity factor was
calculated, according to [6];
F ¼ Ro=Rw ð7Þ
where; F is the Formation resistivity factor, Ro is the resis-
tivity of porous rock and Rw is the Resistivity of the brine.
The Electrical tortuosity (t), on the other side, can be calcu-
lated using the following equation, according to [33,18]:
t2 ¼ F:Ø ð8Þ
Then:
t ¼
ﬃﬃﬃﬃﬃﬃﬃ
ØF
p
ð9Þ
where; Ø is the porosity, F is the formation resistivity fac-
tor, and t is the Electrical tortuosity.
The relation between the formation resistivity factor (F)
and the effective porosity can be illustrated in the form of
the Archie’s equation, which was modiﬁed by [41,42]Table 1 Minimum, maximum and average values of porosity, grain
quality index (RQI).
Formation Porosity in fraction Grain dens
Tanka Fm Min 0.114 2.63
Max 0.458 2.71
Average 0.234 2.68
Darat Fm Min 0.138 2.66
Max 0.327 2.74
Average 0.261 2.69
Thebes Fm Min 0.004 2.54
Max 0.333 2.72
Average 0.123 2.68
Samalut Fm Min 0.016 2.69
Max 0.044 2.74
Average 0.025 2.71F ¼ a=Øm
where; m is the cementation factor between 1 and 3 [6] and
Ø is the porosity and a is the second empirical parameter.
3.2.1. Anisotropy of electrical resistivity
According to a deﬁnition given by Keller and Frischknecht
[23] the coefﬁcient of anisotropy(Aq) is determined by taking
the square root of the ratio of resistivity measured in the two
principal directions, across the bedding planes qV ¼ qt and
along the bedding planes qH ¼ ql:
Aq ¼
ﬃﬃﬃﬃ
qt
ql
r
¼
ﬃﬃﬃﬃﬃﬃ
qV
qH
r
ð10Þ
Since for layered structures the transverse (vertical) resistiv-
ity in general exceeds the longitudinal (horizontal) resistivity,
the coefﬁcient of anisotropy Aq can be assumed to be larger
than one. The longitudinal resistivity results from the measure-
ment at the horizontal sample and the transverse resistivity
from the vertical sample.
Minimum, maximum and average values of all available
petrophysical parameters are listed in Tables 1–3.
4. Results and discussion
4.1. Lithostratigraphy
This part deals with the Lithostratigraphy of Eocene rock in
Southwest Sinai (Fig. 1) in different localities, Wadi Feiran
(Thebes and Samalut formations), Wadi Baba (Darat
Formation) and Wadi Tayiba (Tanka Formation).
4.1.1. Thebes Formation
At Wadi Feiran, this section comprises the middle and the
upper parts of the Thebes Formation overlain by the lower
and the middle parts of the Samalut Formation, the rocks
are composed of chalky and argillaceous limestones with thin
cherty lamina and large veins of calcite followed by chalky
limestones. The stratigraphic column of Thebes Formation
at Wadi Feiran section is shown in Fig. 2.
4.1.2. Samalut Formation
At Wadi Feiran, the Samalut Formation is represented by
alternation of calcareous shales and argillaceous limestonesdensity in g/cm3, bulk density in g/cm3, permeability, reservoir
ity Bulk density Permeability in mD RQI in lm
1.45 0.01 0.01
2.38 67.02 0.42
2.05 3.96 0.05
1.82 0.07 0.02
2.33 2.47 0.10
2.00 1.35 0.07
1.82 0.01 0.01
2.62 13.70 0.20
2.35 1.08 0.04
2.59 0.01 0.02
2.68 2.94 0.38
2.65 0.62 0.12
Table 2 Minimum, maximum and average values of resistivity (R1), (R2) and (R3) and Formation resistivity factor (F1), (F2) and
(F3) at three brine concentrations (6000, 30,000 and 60,000 ppm NaCl solutions of Rw= 1.04, 0.24 and 0.14 ohm m, respectively).
Formation R1 in ohm m,
at Rw= 1.04
R2 in ohm m,
at Rw= 0.24
R3 in ohm m,
at Rw= 0.14
F1, at Rw= 1.04 F2, at Rw= 0.24 F3, at Rw= 0.14
Tanka Fm Min 1.56 1.30 0.96 1.50 5.41 6.88
Max 31.33 22.46 12.53 30.13 93.56 89.52
Average 8.84 6.50 3.60 8.50 27.09 25.68
Darat Fm Min 2.46 2.01 1.12 2.37 8.39 7.99
Max 17.78 13.68 6.29 17.10 56.99 44.94
Average 5.81 4.32 2.25 5.58 17.99 16.10
Thebes Fm Min 2.20 1.74 1.04 2.12 7.24 7.45
Max 269.07 174.75 137.30 258.72 728.11 980.72
Average 67.37 35.06 22.46 68.10 153.15 168.24
Samalut Fm Min 30.67 18.40 13.65 29.49 76.68 97.49
Max 317.43 193.22 60.31 305.22 805.09 430.80
Average 113.47 77.06 34.70 109.11 321.08 247.85
Table 3 Minimum, maximum and average values of tortuosity, anisotropy of permeability, anisotropy of resistivity (R1), anisotropy
of resistivity (R2) and anisotropy of resistivity (R3).
Formation Tortuosity Anisotropy of
permeability
Anisotropy of resistivity
(R1)
Anisotropy of resistivity
(R2)
Anisotropy of resistivity
(R3)
Tanka Fm Min 16.18 0.55 0.89 0.91 0.91
Max 32.36 25.94 1.56 1.57 1.55
Average 20.65 5.47 1.09 1.11 1.10
Darat Fm Min 13.07 0.11 0.64 0.70 0.66
Max 33.88 14.49 1.67 1.76 2.20
Average 19.20 3.08 1.12 1.13 1.22
Thebes
Fm
Min 13.73 0.23 0.70 0.74 0.89
Max 34.02 8.85 1.38 1.35 1.47
Average 23.60 1.57 1.04 1.02 1.09
Samalut
Fm
Min 16.82 0.05 0.65 0.69 0.73
Max 26.43 21.01 1.43 1.42 1.58
Average 22.55 7.15 0.89 0.95 1.04
216 H. Abuseda et al.overlain by nummulitic limestones and conglomeratic band
followed by sandy argillaceous limestones. The Samalut
Formation is a lateral shallow water facies equivalent to the
Darat Formation. The stratigraphic column of Samalut
Formation at Wadi Feiran section is shown in Fig. 3.
4.1.3. Darat Formation
At Wadi Baba, this section is located about 4 km south of Abu
Rudies, the Eocene and the Miocene strata are folded into a
tight asymmetrical syncline parallel to the basin margin fault,
this section comprises the lower and the middle parts of the
Darat Formation. The Darat Formation is made up of cherty
limestones and calcareous shales. Limestones are more com-
mon in its lower part, whereas shales are predominant in the
upper part. The stratigraphic column of Darat Formation at
Wadi Baba section is shown in Fig. 4.
4.1.4. Tanka Formation
At Wadi Tayiba, this section is located 4 km. north of Abu
Zenima. The Tanka Formation consists of alternating thin
beds of chalky limestones and argillaceous limestones with thin
shale intercalations. The stratigraphic column of Tanka
Formation at Wadi Tayiba section is shown in Fig. 5.4.2. Petrography
This part presents the results of a petrographic and diagenetic
evaluation of selected carbonate samples throughout Thebes
Formation (Early Eocene), Samalut, Darat and Tanka forma-
tions (Middle Eocene) in Southwest Sinai, Egypt. The petro-
graphic study of 37 rock samples has been carried out in
order to assess the importance of the main mineralogical com-
position to reservoir porosity and clarify the diagenesis and
depositional environment. The composition of the Eocene
rock samples is mainly carbonate. Dunham’s classiﬁcation [9]
was followed during the petrographic study of the carbonate
facies. The recognized microfacies types are as following:
4.2.1. Wackstone
It is composed mainly of foraminiferal tests and other allo-
chems embedded in a micro-crystalline calcitic matrix contain-
ing iron oxide, most of the foraminiferal tests are almost
completely replaced by sparite and their chambers are occa-
sionally ﬁlled with sparitic calcite. The foraminiferal tests are
predominantly planktonic, Plate 1A, vug porosity, Thebes
Formation, Wadi Feiran, Sample No.9. This facies is com-
posed of shell fragments and sand sized grain set in an
Study 
 area 
Figure 1 Location map of the studied area.
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and micrite unpreservation original structure, patches of
sparry calcite, iron oxides spots, small dolomite rhombs.
Plate 2E, channel porosity which are ﬁlled by sparite, Tanka
Formation, Wadi Tayiba, Sample No.5.
4.2.2. Grainstone
It is composed essentially of foraminiferal tests and other shell
fragments embedded in a microspritic matrix containing iron
oxides, the fossil allochems are often recrystallized into sparry
calcite which may ﬁll also chambers of foraminiferal tests.
Plate 1B, vug porosity, Thebes Formation, Wadi Feiran,
Sample No.10, and in Plate 1E, channel porosity, Samalut
Formation, Wadi Feiran, Sample No. 3, and is composed of
tests of Nummulites Gizahensis embedded in a micritic matrix
which is, in parts, recrystallized into microsparite, the forami-
niferal tests occasionally show evidence of recrystallization.
Plate 1F, channel porosity, Samalut Formation, Wadi
Feiran, Samples No.1, 6, 7, and sometimes is composed of for-
aminiferal tests and shell fragments embedded in microcrys-
talline calcitic matrix which is, in places, impregnated with
iron oxides, most of the shell fragments are recrystallized,
and ﬁlled by sparite, the test wall is micritized, the rock con-
tains microfractures ﬁlled with spary calcite. Plate 2A and
Plate 2B, intergranular porosity, Darat Formation, Wadi
Baba, Samples No. 1,3,10.
4.2.3. Packstone
It is composed of shell fragments embedded in a micritic to
microsparitic calcitic matrix, the fossil allochems arepreferentially affected by mild siliciﬁcation, other components
are rare and include silt-sized, iron oxides band, Plate 1C, vug
and intergranular porosity, Thebes Formation, Wadi Feiran,
Sample No. 12, and sometimes is composed of a microcrys-
talline calcitic matrix containing a few quartz grains, fractures
ﬁlled with calcite and some heavy minerals are occasionally
present. Plate 1D, channel porosity, Samalut Formation,
Wadi Feiran, Sample No. 6, as well as it is sometimes com-
posed of foraminiferal tests and other shell fragments set in
a microsparitic matrix, the rock contains a few quartz grains,
iron concretions and veinlets of spary calcite. Plate 2C,
intergranular porosity, Darat Formation, Wadi Baba,
Samples No. 7, 9, in addition it is composed of shell fragments
and silt-sized quartz grains embedded in an argillaceous micro-
crystalline calcitic matrix, contains a few Ooids, peloids and
glauconite grains, spots of iron oxides. Plate 2D, channel
porosity, Tanka Formation, Wadi Tayiba, Sample No. 3.
4.3. Diagenetic impacts on pore volume
From the petrophysical point of view, the diagenetic processes
are important due to their effect upon the composition and
texture of sedimentary rocks and due to their enhancing or
reducing effect upon the pore volume storage capacity and
petrophysical potentiality of the studied rocks. Dissolution
and leaching out as well as fracturing are the most important
porosity-enhancing processes. On the other side, cementation,
compaction, pressure solution, presence of clay minerals and
aggrading neomorphism are the most important porosity-
reducing diagenetic processes.
Figure 2 Lithostratigraphic section of Thebes Formation at Wadi Feiran, Southwest Sinai.
218 H. Abuseda et al.4.3.1. Porosity-enhancing diagenetic processes
4.3.1.1. Dissolution. Dissolution and leaching out of matrix/
cement played a moderate role in the diagenesis of the studied
carbonate rocks. Most probably, it took place during the eoge-
netic and telogenetic phases in response to signiﬁcant changes
in the physical and/or chemical characteristics of pore ﬂuids
[26]. Dissolution of the carbonates resulted in the enlargementof intergranular pores and the development of moulds, vugs
(Plate 1A–C) and microchannels, (Plate 1D–F and 2D).
Dissolution of the calcitic matrix can be noticed in some
samples, where invasion by low Ca-bearing solutions caused
some vugs and channels which were ﬁlled later by sparite
cement as in the Plate 2E. Further dissolution for the fossil
skeletons and remains increased the moldic pore volume due
Figure 3 Lithostratigraphic section of Samalut Formation at Wadi Feiran, Southwest Sinai.
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tons (Plate 1A–C).
4.3.1.2. Fracturing. Fracturing is an enhancing-porosity pro-
cess, but due to tectonism it is not so effective in the case of
carbonate rocks which can attenuate the pressure effect. On
the micro scale, rare micro fractures are noticed through thegroundmass in between micrit and/or sparite crystals
(Plate 1D–F and 2D).
4.3.2. Porosity-reducing diagenetic processes
4.3.2.1. Compaction. Mechanical and chemical compaction
effects are rather minor and are mainly due to burial; gener-
ally, these effects resulted in the reduction of primary porosity
Figure 4 Lithostratigraphic section of Darat Formation at Wadi Baba, Southwest Sinai.
220 H. Abuseda et al.of the rocks, especially the intergranular. For the present sam-
ples, most of the fossil remains ﬂoat in the carbonate cement/
matrix. A weak compaction effect, natural overload
compaction, can be rarely noticed in the microfacies. Few
micro fractures are noticed through the shell fragments
(Plate 1F).4.3.2.2. Cementation. Cementation played the major role in the
diagenesis of the studied rocks. This may be attributed to early
diagenetic solution and leaching. Two main types of calcite
cements were recognized: burial and meteoric cements. The ﬁrst
type is represented by calcitic microspar ﬁlling the intergranular
pores; whereas the second type comprises calcite forming
Figure 5 Lithostratigraphic section of Tanka Formation at Wadi Tayiba, Southwest Sinai.
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are micritic to sparitic. They are very ﬁne in the early stages of
generation, but became coarser and have planner intercrys-
talline boundaries in the later stages. The crystals are equant,
bladed or ﬁbrous and display various distribution patterns
including granular, drusy and blocky [3]. Gypsum cements, on
the other hand, consist mainly of ﬁbrous crystals ﬁlling theintergranular pores. Cements made up of chalcedony and cryp-
tocrystalline silica are rather common, especially in the Thebes
Formation [3]. Silica overgrowths are rare and can be related
to the leucomorphic stage of diagenesis [7]. Iron oxide cement
constitutes spots, irregular patches or coatings on quartz grains.
Most probably cementation with iron oxides occurred during
the redoxomorphic stage of Dapples (op.cit.). For the present
100µm 200 µm 200 µm
200 µm200 µm 200 µm
Plate 1 (A) Wackstone is composed of a micritic matrix in which are embedded foraminiferal tests, iron oxide spots and concretions, the
original aragonitic skeletal grains were calcitized, Vug porosity, Thebes Formation. (B) Grainstone is composed of foraminiferal tests,
fossil fragments embedded in microsparite, some of fossils shale are micritized and others are ﬁlled by iron oxides, Moldic porosity, The
beth Formation, Wadi Feiran. (C) Packstone is composed of argillaceous ferruginous microsparitic matrix containing fossils, Iron oxide
bands, Vug and Intergranular porosity, Thebes Formation. (D) Packstone is composed of microcrystalline calcitic matrix, iron oxide
spots, channel porosity, Samalut Formation. E: Grainstone is composed of micritized foraminiferal tests and shell fragments embedded in
an argillaceous, micritic matrix containing microsparitic calcitic crystals. Channel porosity, Samalut Formation. F: Grainstone; is
composed of Nummulite tests showing the preserved internal structures. The sutured contacts between the tests suggest that the rock was
subject to considerable compaction. Channel porosity, Samalut Formation.
100µm 100µm 100µm
200 µm 200 µm
Plate 2 (A) Grainstone is composed of foraminiferal tests, shell fragments, peloids and ferruginous microcrystalline calcitic matrix,
Intergranular porosity, Darat Formation. (B) Grainstone is composed of foraminiferal tests, shell fragments, and ferruginous, staining by
iron oxides, Intergranular porosity, Darat Formation. (C) Packstone is composed of foraminiferal tests with circumgranular rims
embedded in an argillaceous, microsparitic calcitic matrix. Some fossil tests show aggrading neomorphism or are partially micritized
whereas some others display textures, Intergranular porosity, Darat Formation. (D) Packstone is composed of shell debris and silty to ﬁne
sand sized quartz grains, iron oxide spots. Channel porosity, Tanka Formation. (E) Wackstone is composed of the matrix with
macrosparitic calcitic containing cracked fossil tests, silty to ﬁne sand sized quartz grains, small dolomite rhombs and iron oxides, channel
porosity, which are ﬁlled by sparite, Tanka Formation.
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cement/matrix. A weak compaction effect, natural overload
compaction, can be rarely noticed, few micro fractures are
noticed through the shell fragments (Plate 1F).
4.3.2.3. Replacement. Replacement in the studied carbonates
comprises both dolomitization and siliciﬁcation.
Dolomitization played a moderate role, which is more distinct
in the Darat Formation. In most cases, it resulted in the devel-
opment of disseminated, almost clear, micro to mesocrystalline
rhombs of dolomite. The early diagenetic dolomite crystals are
10–20 p.m in size and constitute cryptocrystalline textures,
which originated either as a result of the bulk volume shrink-
age or the dissolution of residual calcite during the ﬁnal stages
of dolomitization. Siliciﬁcation of the studied carbonates is rel-
atively more profound along fractures. Also, it is represented
by replacement of fossil allochems or the formation of nodules.
Most probably, siliciﬁcation took place during the eogenetic
phase of diagenesis by dissolution of biogenic silica and its
reprecipitation in the form of opal – CT at nodule growth
points. [22,1] suggested that, deposition of silica nodules takes
place under conditions of low Si02 concentration and short
time of accumulation.
4.3.2.4. Authigenic minerals. The most common effective authi-
genic minerals are the clay minerals (e.g. Kaolinite) and iron
oxides. For the present study clay minerals are not noticed
as dull areas in the microscopic study and the iron oxides
are noticed in most of the studied microfacies (Plate 1A–
C, 2C and E).
4.3.2.5. Neomorphism. In the present study, neomorphism is
assigned as aggrading neomorphism. Aggrading neomorphism
in the studied carbonates is represented by the conversion of
the original aragonitic or calcitic micrite into microsparite,
pseudospar or sparite. It is likely that, pseudospars were
formed during the early diagenesis as indicated by their sharp
contacts with the lime mud [24]. Sparite, either in the form of
matrix or fracture ﬁllings, is particularly common in the upper
parts of the Thebes and Darat formations (Plate 1B, 2A and
C), where there is a patch of sparry calcite crystals surrounded
by patches of microsparry calcite. Aggrading neomorphism is
the main porosity-reducing factor that caused diminishing of
the intercrystalline pore spaces through growth of dolomite
crystals to interfere and to obliterate the interstitial pore
spaces.
4.4. Petrophysical Relationships
Petrophysical parameters e.g. scalar properties (porosity and
density), which yield a single quantity for each sample, and
the directional parameters which depend on the spatial orien-
tation of the specimen and measurement (permeability and
electrical properties) were preformed and determined under
ambient conditions for the studied sandstone samples. The
petrophysical study was designed to determine to what extent
the diagenetic events cause differences in the petrophysical
behavior.
The obtained petrophysical data seem to be highly hetero-
geneous. The heterogeneity of the present data could be attrib-
uted mostly to differences in rock types, heterogeneity of themineralogical composition and the fossil content, heterogene-
ity in the crystal sizes, clay amount and distribution and the
complexity of the pore space distribution in 3-D, [28]. The
petrophysical behaviors of the present sections have been stud-
ied and discussed in the following paragraphs.
4.4.1. Bulk density (rb) – porosity (Ø) relationship
In the present study, bulk density – porosity relationships for
the studied carbonate samples for Tanka, Darat, Thebes and
Samalut Formations are shown in Fig. 6, these relationships
are excellent inverse relationships characterized by high and
reliable coefﬁcient of correlations (R2) of 0.97, 0.97,
0.96 and 0.72, respectively. This linear relationships show
that, rock samples have similar mineralogical composition,
grain shape, packing and fabric, therefore the pore framework
is expected to be uniform and homogeneous. The bulk density
– porosity relationships in this ﬁgure are linear inverse rela-
tionships and controlled by the following equations:
Ø = 0.345 rb + 0.9406, For Tanka Formation
(R2 = 0.97)
Ø = 0.369 rb + 0.9998, For Darat Formation
(R2 = 0.97)
Ø = 0.4036 rb + 1.0732, For Thebes Formation
(R2 = 0.96)
Ø = 0.2878 rb + 0.7872, For Samalut Formation
(R2 = 0.72)
This ﬁgure shows close relationships illustrating an increase
of porosity with decreasing the bulk density of carbonate rocks
from Tanka, Darat, Thebes and Samalut formations. The bulk
density can be predicted from porosity measurements with a
great precision.
4.4.2. Permeability (k) – Porosity (Ø) relationship
The permeability of a rock may be affected by many geological
factors. High rock porosity does not guarantee that a signiﬁ-
cant permeability exists. The pores must be interconnected,
and the pore throats must be large enough to permit the ﬂow
of ﬂuids. Pumice stone and shale are characterized by a very
high porosity but very low permeability. On the other hand,
micro fractured carbonates show low porosity but high perme-
ability. A pore network is made up of larger spaces that are
referred to as pores, which are connected by small spaces
referred to as pore throats. In other words, the volume of pore
space is reﬂected by the measured porosity, while the size of
pore throats is reﬂected by the measured permeability of a
rock. The geometric relationship between pore spaces and pore
throats controls the relationship between porosity and perme-
ability. The relationship between porosity and permeability
has been studied by many authors, e.g. [8,38,34,13,19,4,35,37].
Permeability-porosity cross plots for the studied carbonate
samples are shown in Fig. 7. The relationship between perme-
ability and porosity is in a power and directly proportional
relationship.
The relationships between permeability and porosity of
Darat and Samalut carbonate rocks are characterized by a
weak coefﬁcient of correlations (R2 = 0.30 and R2 = 0.26,
respectively), and a fair coefﬁcient of correlations
(R2 = 0.41) for the Thebes carbonate rock samples, which
means that, the porosity is not the main contributor for the
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Figure 6 Porosity versus bulk density.
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Figure 7 Porosity versus permeability.
224 H. Abuseda et al.rock permeability values. Also, the presence of ﬁne contents
and/or differences in pore throat sizes can reﬂect such cases
of low correlation between them. The good correlation coefﬁ-
cients of the Tanka carbonate rocks (R2 = 0.52) means
decreasing the amounts of ﬁne contents and/or increasing the
pore throat sizes. The equations representing these relations
are:
k= 28.023Ø3.542, For Tanka Formation (R2 = 0.52)
k= 19.322Ø2.179, For Darat Formation (R2 = 0.30)
k= 1.242Ø1.139, For Thebes Formation (R2 = 0.41)
k= 3E+ 10Ø6.676, For Samalut Formation (R2 = 0.26)
A few data points are scattered above and below the best ﬁt
lines, this may be due to the effect of the isolated porosity and
differences in pore spaces radii.4.4.3. Reservoir quality index (RQI) – Porosity (Ø)
relationship
The reservoir quality index (RQI, lm) values of all carbonate
samples are directly related to the porosity (Fig. 8). The poros-
ity and reservoir quality index relationships for Tanka, Darat,
and Samalut carbonate samples, are weak direct proportionalrelationships with correlation coefﬁcient (R2 = 0.18, 0.06, and
0.08, respectively) and fair relationship for Thebes Formation
with correlation coefﬁcient (R2 = 0.40). This means that, the
carbonate of Thebes Formation shows high degree of homo-
geneity than those of Tanka, Samalut and Darat formations,
respectively. The equations representing these relations are:
RQI = 0.376Ø  0.042, ForTankaFormation (R2 = 0.18)
RQI = 0.097Ø+ 0.042, ForDarat Formation (R2 = 0.06)
RQI = 0.420Ø  0.002, ForThebes Formation (R2 = 0.40)
RQI= 12.32Ø 0.123, For Samalut Formation (R2 = 0.08)
4.4.4. Reservoir quality index (RQI) – Permeability (k)
relationship
The reservoir quality index (RQI, lm) values of are directly
related to the permeability (Fig. 9). Permeability and reservoir
quality index relationships for Tanka, Darat, Thebes and
Samalut carbonate samples are excellent direct proportional
relationships with excellent correlation coefﬁcient (0.99, 0.89,
0.81 and 0.96, respectively). These relationships are closed rela-
tionships, and the equations representing these relationships
are:
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Integrated petrographical and petrophysical studies of Eocene carbonate rocks 225RQI = 0.006 k+ 0.021, For Tanka Formation
(R2 = 0.99)
RQI = 0.029 k+ 0.028, For Darat Formation
(R2 = 0.89)
RQI = 0.014 k+ 0.029, For Thebes Formation
(R2 = 0.81)
RQI = 0.115 k+ 0.048, For Samalut Formation
(R2 = 0.96)
From the above mentioned relationships, we found that,
the reservoir quality index (RQI) depends mainly on perme-
ability. The reservoir quality index (RQI) average values of
the Tanka, Darat, Thebes and Samalut formations, are
0.045 lm, 0.067 lm, 0.045 lm and 0.119 lm, respectively, the
average values of porosity are 23.36%, 26.12%, 12.33% and
2.52%, respectively, and the average values of permeability
are 3.97 mD, 1.348 mD, 1.08 mD and 0.62 mD, respectively.
These indicate that, the studied carbonate rocks are character-
ized by poor to fair reservoir quality.
4.4.5. Formation resistivity factor (F) – Porosity (Ø)
relationship
The gradual change in the determined formation resistivity
factor, for the studied samples saturated by sodium chloridesolutions of the three different concentrations, has been listed
in (Table 2). Formation resistivity factor (F1) – porosity rela-
tionships at Rw1 = 1.04 ohm m, at 6000 ppm., for the studied
carbonate samples of the Tanka, Darat, Thebes and Samalut
formations are shown in Fig. 10A. These relationships are
characterized by a high coefﬁcient of correlations for the
carbonate rock samples of Tanka, Thebes and Samalut,
where R2 = 0.78, 0.76 and 0.62, respectively and a weak
coefﬁcient of correlations for the carbonate rock samples of
Darat Formation, where R2 = 0.17. These relationships are
controlled by the equations:
F= 0.389Ø1.740, For Tanka Formation (R2 = 0.78)
F= 1.512Ø0.822, For Darat Formation (R2 = 0.17)
F= 1.919Ø1.017, For Thebes Formation (R2 = 0.76)
F= 0.091Ø1.808, For Samalut Formation (R2 = 0.62)
Formation resistivity factor (F2) – porosity relationships at
Rw2 = 0.24 ohm m at 30,000 ppm., for the studied carbonate
samples of the Tanka, Darat, Thebes and Samalut formations
are shown in Fig. 10B. These relationships are characterized
by a high coefﬁcient of correlations for the carbonate rock
samples of Tanka, Thebes and Samalut, where R2 = 0.81,
0.76 and 0.70, respectively and a weak coefﬁcient of
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Figure 10 A, B and C. Log porosity versus log formation resistivity factor at three brine concentrations (6000, 30,000 and 60,000 ppm
NaCl, respectively).
226 H. Abuseda et al.correlations for the carbonate rock samples of Darat
Formation, where R2 = 0.22. These relationships are con-
trolled by the equations:
F= 1.365Ø1.697, For Tanka Formation (R2 = 0.81)
F= 4.564Ø0.876, For Darat Formation (R2 = 0.22)F= 7.165Ø0.896, For Thebes Formation (R2 = 0.76)
F= 0.252Ø1.833, For Samalut Formation (R2 = 0.70)
Formation resistivity factor (F3) – porosity relationships at
Rw3 = 0.14 ohm m at 60,000 ppm., for the studied samples of
Tanka, Darat, Thebes and Samalut formations are shown in
Integrated petrographical and petrophysical studies of Eocene carbonate rocks 227Fig. 10C. These relationships are characterized by a high coef-
ﬁcient of correlations for the carbonate rock samples of
Tanka, Thebes and Samalut, where R2 = 0.81, 0.84 and
0.64, respectively and a weak coefﬁcient of correlations for
the carbonate rock samples of Darat Formation, where
R2 = 0.16. These relationships are controlled by the equations:
F= 1.791Ø1.526, For Tanka Formation (R2 = 0.81)
F= 4.949Ø0.746, For Darat Formation (R2 = 0.16)
F= 5.467Ø0.980, For Thebes Formation (R2 = 0.84)
F= 1.369Ø1.339, For Samalut Formation (R2 = 0.64)
It is noticed that, the cementation factor (m), of the general
Wyllie, s equation [42], was calculated for carbonate samples
of Tanka, Darat, Thebes and Samalut formations at the three
successive brine concentrations (6000, 30,000 and 60,000 ppm.,
NaCl solutions, respectively). At 6000 ppm., the values of
cementation factor are 1.74, 0.82, 1.02 and 1.81, respectively,
and at 30,000 ppm., are 1.70, 0.88, 0.90 and 1.83, respectively,
while at 60,000 ppm., are 1.53, 0.75, 0.98 and 1.34.
Fig. 10A–C shows that porosity and formation resistivity fac-
tor relationships have the same behavior at three successive
brine concentrations, and the values of cementation factor
(m) are approximately the same, so, in the following1.00
10.00
100.00
1000.00
10.00 15.00 20.00 25.00
Tortuosity
Fo
rm
at
io
n 
fa
ct
or
Figure 11 Formation resistivity fa
0.001
0.010
0.100
1.000
10.000
100.000
10.00 15.00 20.00 25.00
Tortuosity
P
er
m
ea
bi
lit
y 
in
 m
D
Figure 12 Permeability verrelationships between formation resistivity factor and tortuos-
ity we considered formation resistivity factor at high concen-
tration (60,000 ppm.), which is nearly the true formation
resistivity factor.
4.4.6. Electrical tortuosity (t) – Formation resistivity factor (F)
relationship
Electrical tortuosity is plotted versus the formation resistivity
factor (F) for the studied samples of Tanka, Darat, Thebes
and Samalut formations shown in Fig. 11. These relationships
indicate high directly proportional relationships with the coef-
ﬁcient of correlations (R2 = 0.74, 0.74 and 0.71) for carbonate
rock samples of Tanka, Darat and Samalut formations,
respectively, while carbonate rock samples of Thebes
Formation are characterized by fair coefﬁcient of correlations
(R2 = 0.21) These relationships indicate the dependence of
formation resistivity factor on tortuosity. These relations are
controlled by the equations:
F= 1.273e0.133t, For Tanka Formation (R2 = 0.74)
F= 2.816e0.083t, For Darat Formation (R2 = 0.74)
F= 13.181e0.074t, For Thebes Formation (R2 = 0.21)
F= 14.06e0.123t, For Samalut Formation (R2 = 0.71)30.00 35.00 40.00
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228 H. Abuseda et al.4.4.7. Electrical tortuosity (t) – Permeability (K) relationshipElectrical tortuosity – permeability relationships of the studied
carbonate rock samples of Tanka, Darat and Thebes forma-
tions are shown in Fig. 12. These relationships are inverse rela-
tionship with fair to poor coefﬁcient of correlations
(R2 = 0.18, 0.20 and 0.15, respectively), indicating that, the0.000
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Figure 13 A, B and C. Anisotropy of permeability versus anisotropy
and (C) at 60,000 ppm NaCl, respectively.tortuosity has a slight effect on the permeability of these for-
mations, while the same relationship of studied carbonate rock
samples of Samalut Formation is characterized by a very high
coefﬁcient of correlations (R2 = 0.79), which indicate that, the
tortuosity has high effect on the permeability of this forma-
tion. These relations are controlled by the equations:.000 4.000 5.000
ity (R1 )
Tanka Fm
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of resistivity at three brine concentrations (A) at 6000, (B) at 30,000
Integrated petrographical and petrophysical studies of Eocene carbonate rocks 229K= 1.175e0.13t, For Tanka Formation (R2 = 0.18)
K= 5.817e0.095t, For Darat Formation (R2 = 0.20)
K= 0.753e0.101t, For Thebes Formation (R2 = 0.15)
K= 408e0.460t, For Samalut Formation (R2 = 0.79)
4.4.8. Anisotropy relationship
Comparison between the coefﬁcients of anisotropy should
reveal whether the anisotropy of resistivity and permeability
are related to each other.
The coefﬁcient of anisotropy of resistivity Aq and the coef-
ﬁcient of anisotropy of permeability AK have been determined
by the following equations:
Aq ¼
ﬃﬃﬃﬃ
qt
ql
r
¼
ﬃﬃﬃﬃﬃﬃ
qV
qH
r
and Ak ¼
kl
kt
¼ kH
kV
; respectively:
The cross plot comparing the coefﬁcient of anisotropy of
resistivity and the coefﬁcient of anisotropy of permeability is
shown in Fig. 13A–C. The diagonal line represents the ideal
agreement of the two coefﬁcients. The data points scattering
below the ideal line conﬁrm the general trend and show low
degree of anisotropy for both electrical resistivity and perme-
ability. It can be observed that some samples are located at a
high distance above the ideal line. This indicates a high degree
of anisotropy in permeability that might be caused by fractures
parallel to the bedding plane.
5. Conclusions
TheEocene carbonate rock samples fromTanka,Darat, Thebes
and Samalut formations, can be differentiated into three micro-
facies, namely; grainstone, packstone and wackstone.
Diagenesis plays a considerable role in controlling the reser-
voir quality. In this work, it is found that, some diagenetic pro-
cesses enhance porosity due to the effects of dissolution and
leaching, while some other diagenetic processes reduce poros-
ity due to the effects of mechanical inﬁltration of clays, com-
paction and pressure solution, cementation and
recrystallization.
From the petrographical study, most of the identiﬁed
porosities are of secondary origin, which include: interparticle,
vugs, molds, fractures and channel porosity.
The porosity and the bulk density of the studied carbonate
rock samples are related to each other, where porosity depends
mainly on the bulk density and the bulk density can be pre-
dicted from porosity with a great precision.
The permeability of most of the studied carbonate rock
samples increases with increasing the porosity, most of the
studied carbonate rock samples are characterized by high
porosity and very low permeability, so they have bad reservoir
characteristics.
The reservoir quality index (RQI) average values of the
Tanka, Darat, Thebes and Samalut formations are 0.045 lm,
0.067 lm, 0.045 lm and 0.119 lm, respectively, the average
values of porosity are 23.36%, 26.12%, 12.33% and 2.52%,
respectively, and the average values of permeability are 3.97
mD, 1.348 mD, 1.08 mD and 0.62 mD, respectively. These
indicate that, the studied carbonate rocks are characterized
by poor to fair reservoir quality.
The formation resistivity factor was measured at three con-
sequent saline concentrations of 6, 30 and 60 kppm., NaClsolutions, respectively. It is controlled by the porosity and elec-
trical tortuosity. The formation resistivity factor (F) and
porosity relation is very important, the values of cementation
factor (m) were calculated from this relationships for Tanka,
Darat, Thebes and Samalut formations, the values of cementa-
tion factor at 6000 ppm., are 1.74, 0.82, 1.02 and 1.81, respec-
tively, and at 30,000 ppm., are 1.70, 0.88,0.90 and 1.83,
respectively, while at 60,000 ppm., are 1.53, 0.75, 0.98 and
1.34. The values of m are not agreed with the published values
(2 for chalky rocks and compacted formations, and up to 3 for
compact limestons [37]). This may be due to the presence of
fractures.
The relationships of electrical tortuosity and permeability
of the studied carbonate rock samples of Tanka, Darat and
Thebes formations are inversely proportional with the low
coefﬁcient of correlations, which indicate that the tortuosity
has a slight effect on permeability of these formations, while
the same relationship for the studied carbonate rock samples
of Samalut Formation is characterized by a very high coefﬁ-
cient of correlations (R2 = 0.78), which indicates that, the tor-
tuosity has high effect on the permeability of this formation.
The relationships between electrical tortuosity and forma-
tion resistivity factor of the studied carbonate samples indicate
high directly proportional relationships with the coefﬁcient of
correlations (R2 = 0.74, 0.74 and 0.71) for carbonate rock
samples of Tanka, Darat and Samalut formations, respec-
tively, while for carbonate rock samples of Thebes
Formation the relationship is characterized by fair coefﬁcient
of correlations (R2 = 0.21). These relationships indicate the
dependence of formation resistivity factor on tortuosity.
Petrophysically, the permeability and formation resistivity
factors are mostly controlled by the effective porosity and, to
some extent, by the electric tortuosity.
Finally, from petrography and petrophysical studies, the
Eocene carbonate units of Tanka, Darat and Thebes and
Samalut formation at Southwest Sinai, are of low reservoir
properties.
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